Rice (Oryza sativa. L) seed storage proteins (SSPs) are synthesized and deposited in storage organelles in the endosperm during seed maturation as a nitrogen source for germinating seedlings. We have generated glutelin, globulin and prolamin knock-down lines and have examined their effects on seed quality. A reduction of one or a few SSP(s) was compensated for by increases in other SSPs at both the mRNA and protein levels. Especially, reduction of glutelins or sufur-rich 10kD prolamin levels was preferentially compensated by sulfur-poor or other sulfur-rich prolamins, respectively, indicating that sulfur-containing amino acids are involved in regulating SSP composition. Furthermore, a reduction in levels of 13kD prolamin resulted in enhancement of the total lysine content by 56% when compared to wild type. This observation can be mainly accounted for by the increase in lysine-rich proteins.
INTRODUCTION
Seed storage proteins (SSPs) are stored nitrogen sources for germinating seedlings, and thus serve as a nutrient source for humans and livestock. Since SSPs account for a substantial portion of the total protein in seeds, SSP content and composition are related to the nutrient quality of seeds (Shewry and Halford, 2002) . Improving the nutrient composition of seeds is a major target of molecular breeding programs; however, since SSP genes constitute multigene families, even several mutations in a few structural genes have little effect on seed protein content and amino acid composition.
In most cereals, prolamins are the major SSP, whereas rice and oats preferentially accumulate SSPs belonging to the 11S type globulin family, glutelin in rice and 12S globulin in oats (Shewry and Halford, 2002) . In rice, 60-80% of total seed protein is composed of glutelins, encoded by 15 genes in the rice genome, and 20-30% of total seed protein are prolamins that are encoded by 34 genes (Kawakatsu et al., Glutelins are localized in the inner region of PSV as cystalloids with lattice structures, and α -globulin is largely sequestered at the peripheral matrix surrounding the glutelins (Krishnan et al., 1992) .
Maize opaque2 (o2) is a classic mutant of the maize kernel. O2 encodes a basic leucine zipper transcription factor, and mutations in this gene result in a severe reduction in 22kD α-zein accumulation, and alternation to an opaque and floury kernel phenotype (Hartings et al., 1989; Schmidt et al., 1990) . The o2 kernel also contains an elevated level of lysine (Mertz et al., 1964) . When 22kD α-zeins were specifically suppressed in endosperm by RNAi, transgenic maize kernels changed to the opaque and floury phenotype, and the lysine content was elevated in a similar manner as o2, suggesting that these changes are due to a reduction in 22kD α-zeins (Segal et al., 2003) .
Functions of individual zeins in PB formation and opacity have recently been examined using transgenic maize (Wu and Messing, 2010) . Although individual reductions of β-and γ-zeins had little effect on PB formation, their simultaneous reduction severely distorted PB structure, suggesting a redundant function of individual zeins for stabilizing PB. Furthermore, PB of plants with a substantially reduced 22kD α-zein content produced budding structures, indicating that the major 22kD α-zeins are crucial www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 2010 American Society of Plant Biologists. All rights reserved.
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for maintenance of normal PB; however, δ-zeins may play a minor role in PB formation.
Furthermore, not only α-, but also β-and γ-zeins are important for the vitreous kernel phenotype. Compositional changes in amino acid composition by reducing β-, γ-and δ-zeins were not examined.
We have generated transgenic rice plants in which different SSP genes were suppressed (our unpublished data). In this study, we analyzed transgenic seeds with reduced SSP(s) to decipher the effect of reducing SSPs on seed phenotype including protein storage organelle formation during grain filling. Our results revealed that reductions in SSP expression were compensated for by increases in other SSPs at the mRNA transcript and protein accumulation levels. Notably, a reduction in the 13kD prolamins resulted in enrichment of Lys, an essential amino acid, without a corresponding change in grain phenotype. Analysis of the intracellular structures in these gene-silenced plants suggests that globulin, or 13kD prolamins and the ratio of individual prolamins, play important roles for PSV or PB formation, respectively.
Irrespective of SSPs reduction, the endosperms of SSP lines were vitreous and different from maize kernels, indicating that the change to the opaque or floury phenotype is caused by different mechanisms in rice and maize.
RESULTS

Characterization of Seed Storage Protein Diminished Lines
In rice, glutelins are the predominant SSPs, and six glutelin acidic subunits can be detected on SDS-PAGE gels at ~30 kDa after CBB staining: from top to bottom, 1 0 composition with the most prominent difference being the Cys content. The class I
prolamins (e.g, RM2 and RM4) are poor in Cys (one Cys residue/molecule), the class II prolamins (e.g, RM9) contain the highest number of Cys (nine Cys/molecule), and the class III prolamins (e.g, RM1) contain an intermediate level of Cys (five Cys/molecule).
The 10kD prolamin, RP10, and the 16kD prolamin, RP16, are rich in Cys, containing eleven and thirteen Cys residues per molecule, respectively. In 13kD Pro-less transgenic rice, levels of RM1, RM2, and RM4 were significantly suppressed, but RM9 levels were reduced only slightly. In glutelin-less lines, increases in the levels of Cys-rich RM1 and RM9 were very modest, whereas levels of Cys-poor RM2 and RM4 were markedly enhanced (Fig. 1B) . It is likely that the Cys-poor prolamins largely accounted for the increased levels of 13kD prolamins in Glu-less. In contrast, Cys-rich RM1 and RM9 levels increased in 10kD and 16kD Pro-less; Cys-poor RM2 and RM4 levels were reduced in 10kD Pro-less, and unchanged or slightly increased in 16kD Pro-less (Fig.   1B ). RP10 levels were significantly suppressed in 10kD Pro-less, and relatively enhanced in other SSP-less lines. RP16 levels were greatly reduced in 16kD Pro-less, increased in glutelin-less lines, slightly increased in 13kD Pro-less, and significantly increased in 10kD Pro-less (Fig. 1B) . The reduction of Cys-rich prolamin levels tended to be compensated by other Cys-rich prolamins. Glb-1 levels were greatly suppressed in GluB·Glb-less, but increased in the other SSP-less lines (Fig. 1B ). In conclusion, reduced SSP levels were compensated by increases in the accumulation of other SSPs.
Compensation effects are summarized in Table 2 .
To examine whether changes in SSP accumulation is reflected by altered unpublished data). BiP protein was moderately upregulated in Glu-less, GluB-less, GluB·Glb-less and 13kD Pro-less (1.6, 1.6, 1.6 and 2.3-fold higher than wild type, respectively) (Fig. 3) . PDI was also moderately up-regulated in all SSP lines (Glu-less:
1.5, GluB-less: 2.1, GluB·Glb-less: 1.9, 13kD Pro-less: 2.4, 10kD Pro-less: 1.8 and 16kD Pro-less: 1.4-fold), but CNX protein levels were almost constant, indicating that all SSP KD lines are unlikely to be suffering from strong ER stress (Fig. 3) .
Grain Phenotypes
We examined the effect of reducing the levels of several SSPs on grain phenotype.
Brown seed weight slightly decreased in Glu-less, GluB-less, 13kD Pro-less and 16kD
Pro-less, and, on the other hand, slightly increased in GluB·Glb-less and 10kD Pro-less (Table 3) . Starch content was similar in the glutelin-less lines, and slightly increased in 10kD and 16kD Pro-less when compared to wild type (Table 3) . Nitrogen content slightly decreased in Glu-less, GluB-less, 10kD Pro-less and 16kD Pro-less (Table 3) .
There were some differences in brown seed weight, starch content and total nitrogen content among wild type and the SSP-less lines. This result is in contrast to analyses of grains containing reduced levels of transcription factors regulating SSP genes, such as RISBZ1 and RPBF, in which the nitrogen and starch contents were significantly reduced (Kawakatsu et al., 2009 ).
Next, we examined seed phenotypes. Grain size (height, width and thickness)
was statistically different in some SSP-less lines examined here (Table 3) , but the degrees were within negligible levels. Rice endosperm is vitreous and easily transmits 1 3
light. Since a reduction in zein content causes an opaque and floury phenotype in maize, we investigated whether SSP reduction causes opacity in rice endosperm; however, SSP-less lines did not show any apparent opaque phenotype (Fig. 4) . In maize, unfolded protein reaction (UPR) caused by uncleaved signal peptides of zein is also related to the opaque and floury phenotype (Coleman et al., 1997; Kim et al., 2004) . A reduced starch content loosens the packaging of starch granules and causes opacity in rice (Kawakatsu et al., 2009 ). Since our SSP-less lines did not exhibit a strong UPR and contained starch at normal levels, their endosperms were vitreous.
Total Amino Acid Contents
SSPs represent a substantial portion of all amino acids in the endosperm. Therefore, compensatory synthesis of additional SSP(s) after reducing the accumulation of one SSP is expected to change the amino acid composition of total seed proteins. To examine the total amino acid profile, bulked seeds from more than twenty panicles were ground into a fine powder, and used for amino acid analyses. The sum of total amino acid content increased in Glu-less, 13kD Pro-less and 16kD Pro-less (Supplemental Table S1 ). In Glu-less, the levels of Glx (glutamate and glutamine), Ser, Gly, Ala, Tyr, Leu and Pro increased, and the level of Trp decreased ( Fig. 5A and Supplemental Table   S1 ). In 13kD Pro-less seeds, the levels of all amino acids, except for CY2 (cystine), Met and Trp, increased ( Fig. 5A and Supplemental Table S1 ). Notably, the Lys content increased by 56% in 13kD Pro-less ( Fig. 5A and Supplemental Table S1 ). In 16kD
Pro-less seeds, Asx (aspartate and asparagine), Glx, Ser, Gly, Thr, Arg, Ala, Tyr, Phe, Leu, and Pro levels increased, and CY2 was decreased ( Fig. 5A and Supplemental Table   S1 ). In GluB-less, GluB·Glb-less and 10kD Pro-less, the sum of total amino acid contents were similar to that in wild type. In GluB-less, Asx, Arg, Tyr, Met, Trp and Phe levels decreased. In GluB·Glb-less, Ala, Tyr, Ile, Leu and Pro levels increased and Met and Trp levels decreased. In 10kD Pro-less, CY2 and Met levels decreased ( Fig. 5A and Supplemental Table S1 ). In summary, although individual amino acid levels changed, reducing the levels of SSPs did not affect the amino acid compositions drastically ( Fig.   5A ), a result that is in contrast with observations of transgenic maize that had significantly reduced levels of both 22kD and 19kD α-zeins (Huang et al., 2006) .
Free Amino Acid Contents
Although Low glutelin content-1 (Lgc1), a rice mutant with a highly reduced glutelin content, contained free amino acids at levels similar to wild type, globulin reduction increased the overall free amino acid content by approximately 50% (Ashida et al., 2006) . Consistently, maize kernels with reduced amounts of zein proteins contain highly elevated levels of free amino acids (Huang et al., 2006) . Reducing SSP accumulation in rice had more subtle effects (Fig. 5B ). The sum of free amino acids increased in Glu-less and GluB·Glb-less, decreased in 10kD Pro-less and 16kD Pro-less, and was similar in GluB-less and 13kD Pro-less, when compared with that of wild type (Supplemental Table S2 ). Asp, Glu, Asn and Arg largely contributed to the changes in the sum of free amino acids ( Fig. 5B and Supplemental Table S2 ). However, the degrees of increase and decrease were much lower than those observed in maize kernels with with the increase in total Lys (15µmol/gDW), indicating that increases in the total Lys content was due to an increase in the Lys-rich non-13kD prolamin proteins in 13kD
Pro-less mutants (Supplemental Tables S1 and S2 ).
Storage Organelle Formation
To investigate the effect of reducing SSP levels on protein body formation, subcellular structures in the subaleurone layer of rice endosperm cells were examined. Thick sections (100µm) at 15-20 DAF were stained with rhodamine B to localize ER-derived protein body (PB: magenta) organelles, and immunostained with anti-OsTIP3 (tonoplast intrinsic protein) antibody to visualize protein storage vacuole (PSV: green) structures, and then subjected to analysis by confocal laser microscopy. Glutelins and globulin are deposited in PSV, and prolamins localize into PB. In wild type endosperm, PB are smaller and more spherical than PSV, although PSV are more abundant (Fig. 6A ). In the glutelin-less lines, Glu-less, GluB-less and GluB·Glb-less, PB-IIs were relatively fewer and smaller . This result indicates that glutelins are responsible for the expansion of PSV, and compensation by Glb-1 is not sufficient for recovery to the normal-sized PSV. In Glu-less and GluB-less, small PB were widely distributed, in addition to normal sized PB (Figs. 6B and C). In GluB·Glb-less, the number of relatively small PB increased (Fig. 6D ). This difference may reflect an increase in levels of 13kD prolamin (Fig. 1) . In 13kD Pro-less, rhodamin-labeled PB could barely be detected, and PB became very small and changed to dot-like structures, reflecting the importance of 13kD prolamins for the structure of wild type PB (Fig. 6E ). In contrast, both larger and smaller PSV increased in 13kD Pro-less, reflecting the increase in glutelins and globulin levels (Figs. 1 and 6E). In 10kD Pro-less, PB were smaller than wild type, PSV were slightly larger, and the number of small PSV also increased in a manner similar to 13kD Pro-less ( Fig. 6F ). In 16kD Pro-less, PB were smaller than wild type and the number of additional small PSV increased, but the degree of these alterations was much lower than for 13kD Pro-less and 10kD Pro-less, reflecting the notion that 16kD prolamin is a minor component (Fig. 6G ).
Next, we observed the organization of PB in the developing endosperm at 15 DAF by transmission electron microscopy (TEM). In addition to size, PB and PSV can be distinguished by their electron densities (PB: low density; PSV: high density) (Figs.
7A and B). As observed by confocal laser microscopy, fewer small PSV and incomplete PSV with empty space were observed in Glu-less, GluB-less and GluB·Glb-less (Figs.
7C-H). Small but normal PB were also observed ( Fig confocal laser microscopy, or were not stained by rhodamin B. The periphery of these small PB were distorted (Fig. 7J) . Additionally, elongated and abnormally shaped PSV were also observed (Fig. 7I) . In 10kD and 16kD Pro-less, smaller PB were observed, but their peripheries were smooth (Figs. 7K-N). In prolamin-less lines, small PSV were also observed.
DISCUSSION
Loss of SSP Is Compensated by Other SSPs
Cereals are an important source of carbohydrates as well as nitrogen that are reserved as starch and seed storage proteins (SSP). SSPs have been extensively studied because cereal SSP content and composition are related to the nutritional quality of seeds (Shewry and Halford, 2002) . Furthermore, recombinant protein production utilizing SSP has become more popular due to high levels of expression and stability (Takaiwa, 2007) .
Since cereal SSPs are encoded by multigene families, only a few SSP-deficient mutants have been induced by mutagenesis using chemical mutagens or irradiation (Iida et al., 1997; Iida et al., 1998; Kusaba et al., 2003) . In this study, we investigated the effects of SSP reduction not only for glutelins and globulins, but also prolamins. Reduction of each individual SSP was compensated by increase of almost all other SSPs ( Fig. 1 ),
indicating the existence of a consistent compensation mechanism. In maize, reductions in zein levels are not compensated by increases in other types of zeins, except that the suppression of 22kD α-zein was compensated for by 19kD α-zein, and vice versa (Huang et al., 2004; Wu and Messing, 2010 was achieved at the mRNA expression level, and was well correlated with protein accumulation levels, indicating that the accumulation levels of endogenous SSP are mainly regulated at transcriptional or post-transcriptional levels. Perceiving available free amino acids, the activities of transcription factors that generally regulate SSP gene expression, such as RISBZ1 and RPBF, may be increased.
When sulfur-rich RP10 was suppressed, the levels of other sulfur-rich prolamins were enhanced, but levels of sulfur-poor prolamins were depressed (Table 2) .
Regarding these amino acid redistributions, it is important to consider that there may be a regulatory mechanism for maintaining the total nitrogen content. When sulfur-rich sunflower seed albumin (SSA) accumulated to high levels in transgenic rice seeds, the total amount of sulfur-containing amino acids, Met and Cys, were unaffected (Hagan et al., 2003) . In these seeds, the total seed protein content remained nearly constant, whereas individual SSP compositions changed: native sulfur-rich SSPs decreased, whereas sulfur-poor SSPs increased. Therefore, a surplus of available sulfur-containing amino acids and their key metabolic intermediates may activate sulfur-rich, or inhibit sulfur-poor prolamin synthesis at the transcriptional or post-transcriptional levels.
Conversely, when it comes to a shortage, such re-distribution is reversed. In other words, the availability of sulfur may determine which prolamin, sulfur-rich or sulfur-poor, should be newly synthesized as a storage reserve to maintain the appropriate amino acid balance. This hypothesis is also supported by the more significant increase in sulfur-poor 13kD prolamin levels, rather than the slight increase in sulfur-rich prolamin levels in the glutelin-less lines, since the reduction in levels of relatively sulfur-poor www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 2010 American Society of Plant Biologists. All rights reserved. glutelins gave rise to subtle increases in levels of available sulfur-containing amino acids. Such dominant regulation by sulfur-containing amino acids is due to unavailability of inorganic sulfur in rice endosperm (Hagan et al., 2003) .
13kD Pro-less Is a High-Lys Rice 13kD Pro-less seed contained a higher content (56%) of total Lys than wild type (Supplemental Table S1 ) corresponding to an increase of 26% in the Lys/protein ratio. A reduction in α-zein content by the o2 mutation or RNAi knock-down also resulted in enhancement of the total Lys content of maize grains (Mertz et al., 1964; Segal et al., 2003; Huang et al., 2006) . This result was attributed to increases in the levels of non-zein Lys-rich proteins, such as elongation factor 1A (Habben et al., 1993) . As shown in Fig. 1 , suppression of 13kD prolamins was compensated for by an increase in the glutelins (Fig. 1) . Glutelins contain more than 10 Lys residues per molecule, in contrast to the prolamins that contain almost no Lys residues. Therefore, the increase in glutelin levels may contribute to the high-Lys content of 13kD Pro-less. Although differences were not significant, Lys decreased in the glutelin-less lines and increased in the prolamin-less lines ( Fig. 5A and Supplemental Table S1 ). Two rice mutants that contained lower amounts of 13kD prolamins had a relatively increased Lys/protein ratio (Krishnan, 1999) . The glutelin-prolamin ratio may be one determinant for Lys content in seeds. This idea is consistent with the observation that the glutelin-prolamin ratio is reversed in o2, compared to wild type (Mertz et al., 1964 oat grains are better sources of Lys than other cereals grains, suggesting that the glutelin content is crucial for the Lys content in cereal seeds (Juliano, 1993) .
We also found three candidate seed proteins, that likely attribute to Lys content. Lys/protein rations of rice embryo globulin 1 (REG1), REG2 and BiP are 3.4, 3.8 and 9.4%, respectively. Expectedly, levels of these proteins increased in 13kD
Pro-less (Fig. 3) . Rice high-Lys mutants also contain increased levels of embryo globulins (Schaeffer and Sharpe, 1987) . A similar situation has been observed in maize kernels. Maize orthologues of embryo globulins and BiP increased in high-Lys opaque mutants (Zhang and Boston, 1992) . Therefore, not only the glutelin-prolamin ratio, but also embryo globulins and BiP are likely key components for seed Lys content. This hypothesis is consistent with the evidence that Lys content was not drastically decreased in glutelin-less lines. Increases in embryo globulins and BiP may compensate for glutelin reduction. Considering that the ratio of endosperm protein amount to embryo protein amount is quite high (more than 80%), and glutelins and most BiP are endosperm proteins, Lys increased largely in the endosperm (Supplemental Fig. S3 ).
Lys is an essential amino acid and is generally deficient in cereal grains. Lys is likely to be contained in these digestible proteins. 13kD Pro-less had a vitreous endosperm and contained starch at a similar level to wild type. The difference, opaque in maize but vitreous in rice, may be caused by differences in starch grain morphologies.
Rice has a compound starch grain consisting of variant starch granules in an amyloplast, whilst maize has a simple starch grain consisting of a single starch granule in an amyloplast (Matsushima et al., 2010) . Interactions between PB and starch granules are related to the vitreous kernel phenotype (Gibbon et al., 2003) . Since starch granules are already packed into starch grains, interaction between PB and starch granules may not be required for vitreous endosperm in rice. Therefore, 13kD Pro-less is a good breeding resource for high-Lys rice.
Roles of SSPs in Protein Body Formation
Glutelins are stored in the inner region of PSV, and Glb-1 is largely sequestered in the peripheral matrix surrounding the glutelins (Bechtel and Juliano, 1980; Krishnan et al., 1992) . When glutelin levels were severely suppressed in the Glu-less, GluB-less and GluB·Glb-less lines, PSV became smaller, and fewer ( Fig. 6 and GluB-less appeared normal ( Fig. 7 and Supplemental Fig. S5 ), indicating that PSV structure is not sufficiently maintained by filling with glutelins alone. The role of Glb-1 during PSV formation may be to construct a frame for PSV, and glutelins may be the filling inside the frame, so that in the absence of Glb-1, glutelins were improperly packed in to PSV.
In contrast to maize PB formation (Lending and Larkins, 1989) , rice PB formation is not well characterized. In developing maize endosperm, the β-and γ-zeins are first deposited to PB, followed by accumulation of α-and δ-zeins in the inner region.
Finally, the protein body is fully filled with α-and δ-zeins, and β-and γ-zeins are distinct roles in keeping a spherical shape and in expansion, perhaps depending on Cys residues. Since β-and γ-zeins contain a number of Cys residues, disulfide bonds formed between them may be important for maintaining normal PB shape. Therefore, Cys-rich 13kD prolamins may play a role in PB formation corresponding to β-and γ-zeins, whereas Cys-poor 13kD prolamins may be involved in enlarging PB. Although 16kD
Pro-less did show little alteration in PB formation, this result may be explained by low level of 16kD prolamin and compensation by other prolamins.
The 10kD prolamin, RP10, belongs to group I, the same group as α-and δ-zeins (Xu and Messing, 2009) even though the number of Cys residues in these proteins is quite different (RP10: 10%, α-zeins: < 1%, δ-zein: 3.9%). However, RP10
and α-and δ-zeins commonly contain a relatively high hydrophobic amino acid residue ratio (RP10: 52%, α-zeins: approximately 60%, δ-zein: 68%) and a low hydrophilic amino acid residue ratio (RP10: 6%, α-zeins: 6%, δ-zein: 4%). Therefore, RP10 may be similar in nature to both α-and δ-zeins. Since suppression of 10kD prolamin levels resulted in smaller, but clearly spherical PB (Figs. 6 and 7), 10kD prolamin may be deposited inside PB, and required for full expansion of PB. Alternatively, decreases in the Cys-poor 13kD prolamins may largely account for smaller PB.
Effects of PSV and PB protein reduction on PB and PSV formation, respectively
Although both PSV proteins and PB proteins are synthesized as secretory proteins on rough ER, PSV proteins are transported into PSV via golgi or directly as PAC vesicles, whereas PB proteins aggregate to form PB in the ER lumen (Kawakatsu and Takaiwa). in which glutelins and /or globulin were suppressed, S-poor 13kD prolamins were preferentially increased ( Table 2) . As a result, the number of small PBs numerously increased (Fig. 6) , suggesting that the ratio of Cys-poor to Cys-rich prolamins may be important for proper aggregation/folding of prolamins. This observation is consistent with the results obtained for 13kD Pro-less, in which almost all the Cys-poor prolamins were deficient ( Fig. 7I and Table 2 ). This decline likely caused UPR, resulting in BiP induction. Another explanation is that BiP was upregulated to compensate for lost BiP in the ER, since BiP was captured in the matrix of the increased numbers of PB (Li et al., 1993) . Increases in Cys-rich 13kD prolamins might assist proper aggregation/folding of prolamins, and provide somewhat of a release from UPR in PSV protein-deficient lines (Table 2 ).
In PB protein-deficient lines, PSV proteins increased to compensate for the loss of PB proteins. In contrast to the increase in PB proteins, an increase in PSV proteins was not likely to induce UPR, suggesting that PSV proteins were properly folded and deposited into PSV, or that the ER loading was not sufficient to induce UPR. It is difficult to evaluate the effect of increased PSV proteins on PSV formation owing to its irregularly formed structure. However, it is notable that elongated PSVs were observed in 13kD Pro-less, and additional small PSVs were also observed in PB protein-deficient lines (Fig. 6 and Table 2 ). Empty PSVs were not observed in PSV protein-deficient lines, although there were incomplete PSVs with an empty space, suggesting that vacuole formation or development was inhibited (Fig. 7 , Supplemental
Fig . S4 and Table 2 ). Therefore, PSV formation and/or development may be under feed-back regulation by PSV protein amounts.
Although recent studies have advanced understanding of protein trafficking into storage organelles in rice endosperm, less availability of SSP mutants disabled from analyzing formation of storage organelles. In this study, we showed the contribution of SSP composition to nutrient quality of rice grain and to storage organelle formation in rice endosperm by using various SSP knock-down lines. Our data also indicate the distinct roles of individual SSPs on storage organelle formation. Further studies, including transgenic lines with multiple suppressed genes and time course analyses of SSP localization during PSV and PB formation, will clarify the roles of these proteins in protein organelle formation, and these knowledge will help storage organelle engineering for the production of high-value recombinant proteins in rice endosperm. 
MATERIALS & METHODS
Plant Materials and Growth Conditions
Seed Protein Extraction and Immunoblotting
Extraction of total proteins from rice seeds, SDS-PAGE and immunoblotting were performed as described previously (Kawakatsu et al., 2008) . Total seed proteins were extracted independently from four seeds per line. After identical SSP compositions were confirmed by SDS-PAGE (data not shown), they were mixed and analyzed. Embryo proteins and endosperm proteins were extracted after the embryo was excised with a razor blade. Equal volumes were loaded, meaning that proteins per grain could be compared. Anti-RM2 and anti-RM9 peptide antibodies were produced against synthetic peptides YSAPDSITTLGGVLY and CGIYPSYNTAP, respectively. Other antibodies were prepared as described previously (Takagi et al., 2006; Kawakatsu et al., 2009; Yasuda et al., 2009 at 4 ºC. Relative accumulation levels of chaperone proteins were calculated from the intensities of immunoblot bands on X-ray films using Image J software (http://rsbweb.nih.gov/ij/).
RNA Extraction and Quantitative RT-PCR
Total RNA was extracted as described previously (Takaiwa et al., 1987) . After
RNase-free DNase I treatment (Takara), cDNA was synthesized using the Superscript were normalized to 17S RNA using the expression levels of the wild type at 10 DAF as the reference. The primers used for qRT-PCR are listed in Supplemental Table S3 .
Measurement of Total Starch and Nitrogen
Total starch content was measured using a total starch assay kit (Megazyme), following the manufacturer's protocol. The total nitrogen content was measured by the Improved Dumas Method using a LECO528 nitrogen/protein analyzer (LECO).
Measurement of Amino Acid Composition
Mature seeds (more than 500 grains of each homozygote) were ground into powder www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 2010 American Society of Plant Biologists. All rights reserved. 
Immunocytochemistry
Developing seeds at 20 DAF were sampled for immunohistochemical analysis as described previously. Anti-OsTIP3 antibody, a kind gift from Dr. Takehiro Masumura, was used as a primary antibody for staining PSV at a 1:1000 dilution (Takahashi et al., 2004 ). Alexa488-conjugated goat anti-rabbit IgG (Invitrogen) was used at a 1/500 dilution as the secondary antibody. Rhodamine B was used to stain PB. The specimen were observed with a confocal laser scanning microscope (Radiance 2000, Bio-Rad) using green fluorescent protein (GFP) and rhodamine filter sets.
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Transmission Electron Microscopy
Immature 15 DAF seeds were fixed in 4% paraformaldehyde, 0.2% glutaraldehyde, and 50 mM sodium phosphate buffer (pH 7.2) overnight at 4 ºC. After washing in sodium phosphate buffer, the samples were dehydrated in a graded ethanol series and embedded in LR White resin (London Resin). Ultrathin sections, prepared using an ultramicrotome and mounted on nickel grids, were stained with uranyl acetate and lead citrate. Sections were observed with a transmission electron microscope (H-7100, Hitachi) at an accelerating voltage of 75 kV.
Supplemental Data
Supplemental Figure S1 . Enlarged view of glutelin acidic subunits on SDS-PAGE gel.
Supplemental Figure S2 . Embryo globulins accumulation in wild type and transgenic plants.
Supplemental Figure S3 . Embryo proteins and endosperm proteins in wild type and transgenic plants.
Supplemental Figure S4 . Transmission electron microscopy of the subaleurone layer cell in wild type and transgenic plants at low magnification.
3 5 GluA-3, GluB-2 and GluB-1 from top to bottom) can be detected on CBB-stained SDS-PAGE gels (see Fig. S1 ), but bands corresponding to GluB-2 and GluB-1 are not separated in our SDS-PAGE conditions. B, Immunoblot using specific antibodies. Four antibodies for glutelins (GluA, GluB, GluC and GluD), four antibodies for 13kD
TABLES
prolamins (RM1, RM2, RM4 and RM9), and antibodies for 10kD prolamin (RP10), 16kD prolamin (RP16) and α-globulin (Glb-1) were used. Numbers in parentheses indicate the number of Cys residues per molecule. GluB-2 and GluB-1 from top to bottom) can be detected on CBB-stained SDS-PAGE gels (see Fig. S1 ), but bands corresponding to GluB-2 and GluB-1 are not separated in our SDS-PAGE conditions. B, Immunoblot using specific antibodies. Four antibodies for glutelins (GluA, GluB, GluC and GluD), four antibodies for 13kD prolamins (RM1, RM2, RM4 and RM9), and antibodies for 10kD prolamin (RP10), 16kD prolamin (RP16) and α-globulin (Glb-1) were used. Numbers in parentheses indicate the number of cysteine residues per molecule. Numerals indicate relative accumulation levels, deduced by densitometry. 
